Slag composition determines the physical and chemical properties as well as the application performance of molten oxide mixtures. Therefore, it is necessary to establish a routine instrumental technique to produce accurate and precise analytical results for better process and production control. In the present paper, a multi-component analysis technique of powdered metallurgical slag samples by X-ray Fluorescence Spectrometer (XRFS) has been demonstrated. This technique provides rapid and accurate results, with minimum sample preparation. It eliminates the requirement for a fused disc, using briquetted samples protected by a layer of Borax ® . While the use of theoretical alpha coefficients has allowed accurate calibrations to be made using fewer standard samples, the application of "pseudo-Voight" function to curve fitting makes it possible to resolve overlapped peaks in X-ray spectra that cannot be physically separated. The analytical results of both certified reference materials and industrial slag samples measured using the present technique are comparable to those of the same samples obtained by conventional fused disc measurements.
Introduction
While the demand for clean steel increases, so does the use of scrap iron and steel as raw materials. Since impurities and tramp elements are removed primarily through slag/metal interactions, the properties of molten oxide mixtures, i.e. metallurgical slags, are increasingly important. It is well known that the thermodynamic properties of molten oxides are determined by slag composition; therefore, extensive research on slag chemistry-property relationship has been carried out in order to optimize slag composition for more effective secondary metallurgical reactions, [1] [2] [3] [4] [5] [6] [7] [8] to control inclusion type, size and distribution, 9) and to improve molten steel castability. 10) Slag composition also determines the physical properties of molten oxide mixtures, which are likewise important in the steelmaking process. For example, diffusivity plays a key role in the kinetics of slag/metal reactions. Oxygen diffusivity should be considered when oxygen partial potential is important. 11) While electrical conductivity must be considered in EAF steelmaking, 12) slag viscosity is important to BOF steelmaking and blast furnace ironmaking. [13] [14] [15] High bosh slag viscosity in a blast furnace may cause irregular furnace operation; this can be alleviated by altering the slag composition via flux injection at the tuyeres. 14, 15) The composition of casting powder influences heat transfer during continuous casting, which in turn affects product quality. 16) In addition, the chemical composition of molten oxide mixtures affects the life span of metallurgical refractories. It was found that the corrosion resistance of refractory lining changes considerably with the composition of the slag it contacts. 17, 18) Finally, slag composition determines the potential for recycling of metallurgical slags, which is attracting increased worldwide attention due to environmental concerns. Since the 1970s, effective recycling techniques of metallurgical slags have been commercialized in applications such as base course materials, aggregates and admixtures for use in concrete and earthwork materials. 19) Given the importance of slag composition, it became necessary to establish routine instrumental techniques to produce accurate and precise analytical results for process and production control. Ideally, these techniques would require minimal sample handling while providing rapid turnaround time. Both X-ray fluorescence spectrometer (XRFS) and inductively coupled plasma optical emission spectrometer (ICP-OES) have found applications in materials and mineral processing. 20) They both are very accurate and capable of determining multiple components simultaneously. ICP-OES, however, requires the sample to be dissolved in a solution, which limits its use. XRFS typically employs a borate fusion technique to remove mineralogical and particle size effects. However, this method is labour intensive and dilution introduced by the flux (usually with the sample to flux ratio of 1 : 10), significantly reduces the spectral line intensity of minor and trace elements in the sample. In this study, an alternative sample preparation technique is examined, which eliminates the necessity of fusion to a glass disc. Corrections for spectral line overlap and matrix effects are also discussed.
Experimental

X-ray Fluorescence Spectrometer
A Philips PW1400 wavelength dispersive X-ray fluorescence spectrometer (WDXRFS) was used in this study. A side window Rh-target X-ray tube was installed with maximum output of 3 kw. The spectrometer was fitted with six diffracting crystals of various d-spacings. Flow and scintillation detectors were used to measure X-ray photon countrates, while pulse height discrimination was employed to electronically filter signals. The optical path of the spectrometer included two channel masks and two collimators. No filters were used. The measuring conditions and goniometer sittings were predetermined and programmed as "spectrometer channels" stored in the parameter bank of the spectrometer's microprocessor. Table 1 summarizes the settings of each channel used for the present study. The PW1400 spectrometer can store up to 63 spectrometer channels. The system was operated remotely from a PC by Philips proprietary software "X40". This application software provides a wide range of facilities, including instrument calibration, unknown sample measurement, extended data processing, file manipulation, and presentation of data in various formats. A subroutine is also available to calculate theoretical "alpha coefficients". Alpha coefficients compensate for the absorption or enhancement of secondary radiation due to inter-element or matrix effects. The spectrometer has a four-position turret, which can be programmed to operate in three loading modes. All samples were measured three times and the average values used in the discussion.
Calibration Standards
X-ray fluorescence spectrometry is considered to be a secondary analytical technique; that is, instrumentation must be calibrated using known standards before unknown samples can be analyzed. In the present study, 23 certified reference materials (CRMs) were employed to establish calibration curves. The certified concentrations of these standards are listed in Table 2 . Additional standards were prepared by mixing two certified reference materials, or by adding a known amount of spectroscopically pure chemical agent to a reference material. This provided not only a suitable concentration range, but also a good spread of calibration data points over the range of each component to be calibrated. Table 3 lists the concentration range of each component calibrated.
Sample Preparation
Two types of sample, CRMs and industrial slags were used in the study. While the certified reference materials were used as supplied, the industrial slags were ground to approximately 10 mm of particle size using a disk mill. This was done to minimize the effect of particle size on analytical results. 21) All samples were dried for 6 h at 80°C in an oven. An accurately weighed portion of each sample was lightly packed inside a f28 mm ID cylindrical sleeve, which itself sat inside a f32 mm ID cylindrical die. The sleeve was then removed, creating a gap between the compacted sample and die bore. Borax ® powder, or hydrated sodium borate powder, was added in sufficient quantity to fill the gap and cover the top of the sample. Finally, a plunger was inserted into the die and hydraulic pressure applied in a briquetting press. The resulting sample disc was thus encased in a Borax ® shell with only one face of sample material exposed for analysis. Briquettes formed in this manner remained in tact after repeated analyses, provided they were stored in a dessicator. Figure 1 shows the effects of sample weight and briquetting pressure on the analytical results for each component in a selected CRM sample. As indicated in Fig. 1(a) , all measured points agree well with the published concentrations (represented by solid lines) regardless of sample weight. This is because the sample weight used is much higher than the minimum weight required for the compo- nents of interest. 22) Similar results were also observed for a range of briquetting pressures, as shown in Fig. 1(b) . Henceforth, a sample weight of 2 g and a pressure of 5 tonnes were used in the preparation of all briquettes.
Corrections for Spectral Line Overlap and Matrix Effects
Correction for Spectral Line Overlap
The overlap of spectral lines from different elements is a problem shared by all spectroscopic methods, including Xray fluorescence spectrometer. Higher order peaks can usually be separated by selecting the appropriate analyzing crystal, collimator and pulse height window. Interference between lower order lines may require a mathematical curve fitting technique 23) to resolve complex spectra, however.
A characteristic single peak, y i (2q), generated by XRFS, can be approximated by a simple pesudo-voigt function as follows 23) : ........ (1) Note that Eq. (1) is actually the liner combination of a Gaussian and Lorentzian curve, each with the same width. C g (0ՅC g Յ1) and C l (ϭ1ϪC g ) are the Gaussian and Lorentzian components, respectively. R i and 2q i are the peak intensity and detector position of element i. W is the half peak width at half maximum intensity for both the Gaussian and Lorentzian curves. Therefore, an XRF spectral profile from multiple elements is defined as follows: 2) where n is the number of elements involved. In this work Eq. (2) was used to fit overlapped spectral lines by applying regression analysis. Figure 2 shows the curve-fitting results to resolve two overlapped spectra. After the overlapped peaks were resolved, a line overlap factor was defined and calculated by 
Matrix Effects
The correlation between the net photon countrates and chemical concentration for each slag component is linear only for a limited concentration range, and tends to deviate from linearity due to "inter-element effects", i.e. the effects of all other components in the sample on the emitted fluorescence of the component being measured. 24) These effects, also termed "matrix effects", must be considered in order to pull the calibration line back to linearity. Over a number of years, a variety of mathematical and non-mathematical techniques have been developed to correct for interelement effects. Among them, the "alpha coefficient" method is the most successfully and frequently applied. It is based on the assumption that the total correction factor is a liner sum of binary inter-element effects, i.e.
........... (4) where C j is the concentration of the interfering component j and a i,j is the binary inter-element effect coefficient (alpha coefficient) representing the matrix effects of component j on component i. a i,j can be determined either empirically or theoretically. As mentioned earlier, the X40 software includes tables of theoretical alpha coefficients, which were derived from first principles using matrix data, spectrometer geometry and primary X-ray characteristics, based on the work of W. K. de Jonge and his well-proven Alpha program. 25 ) Figure 3 compares an uncorrected calibration curve to one corrected for matrix effects using theoretic alpha coefficients. Significant improvements in linearity can be realized with the application of alpha coefficients.
When corrections for line overlap and matrix effects are combined, the calibration correlation between the countrates and concentration becomes ..... (5) where C i is the calculated concentration of component i, C * j is the first measurement value of component j, and D i and E i are the empirically derived calibration constants of component i.
Results and Discussion
The lower limit of detection (LLD) is usually used to compare the detection limits between different analytical methods. It is defined as the concentration equivalent to two times the standard deviation of the background countrate and can therefore be calculated by the following equation 26) : where I b and t b are the background countrate and counting time, respectively. m is the net peak countrate divided by the percentage concentration of the component in question.
Since both I b and m are affected by the matrix, the lower detection of limit varies not only with the atomic number of the measured element but also with the sample matrix. In the other word, the same element while present in different matrixes is expected to have a different lower limit of detection.
Since I p ХI b at the detection limit and T p /T b ϭ(I p /I b ) 1/2 according to the optimum fixed time requirement, then t b is equal to the time spent counting the peak t p . 26) Therefore, t b in Eq. (6) can be replaced by one half of the total available counting time, (t p ϩt b )/2. Based on the measurement parameters in Table 1 , the calculated value of LLD for each component is listed in Table 3 . The detection limits generated by briquetted powder samples compare favorably to those obtained from fused discs.
To further test the present technique, 18 CRM pellets were pressed and measured using the same procedure. A comparison of the results to the certified concentrations is shown in Table 2 and Fig. 4(a) . The average relative standard deviations for all components are generally less than 8 %. A further comparison was also made between the analyses of 14 industrial slag samples obtained from conventional fused disc technique and the measurements of the same slags generated in the present study. Table 4 and Fig.  4 (b) illustrate a good agreement between these two sets of data.
The sources of systematic errors in X-ray quantitative spectrometry could include those due to the operator, the equipment, nearby peak overlapping, matrix effects and specimen preparation. With the introduction of highly sophisticated and automatic spectrometers, the systematic errors carried from the operator and the equipment have been significantly reduced or compensated. The application of "pseudo-Voight" function in the present study makes it possible to resolve overlapped peaks in X-ray spectra that cannot be physically separated. It was also demonstrated that the method might also be used to minimize errors that arise from poor counting statistics and peak shift due to misalignment in the optical path. 23) It is commonly accepted that the largest source of errors in modern spectrometry is often caused by the samples. In the present study, the use of theoretical alpha coefficients allows accurate calibrations to be made using fewer standard samples. This is because it is only necessary to determine the slope (E i ) and X-intercept (D i ) empirically. The source of errors is more easily isolated knowing that alpha coefficients and single component linearity are based on first principles. If the alpha coefficients were calculated empirically by the regression analysis of Eq. (5), each coefficient generally requires a minimum of three calibration standards in order to make the value statistically significant. This means many more calibration standards needed to empirically calculate the matrix effects. Further empirically derived alpha coefficients may also conceal other effects, which have a tendency to fluctuate.
In addition to the matrix effects, the preparation of specimens is another critical factor where high accuracy is required. Greater care must be taken in reproducing the grinding and subsequent palletizing procedure for both cali- bration standards and samples to be analyzed. First of all, it is important to ensure that the thin top layer of the sample actually contributing to the measured characteristic wavelength is both homogeneous and representative of the bulk sample since the effective penetration depth of characteristic radiation is extremely short, usually a couple of ten microns. Surface heterogeneity effects are particularly crucial for the light elements of the powdered samples. Secondly the effects of particle size, such as the local heterogeneity within particles, will affect the accuracy of analysis. Both of these effects can be minimized by reducing the particle size. It was demonstrated that the effects of particle size becomes negligible when the particle diameter is reduced to about one fifth of the penetration depth of the measured wavelength. 21, 26) This has been achieved in the present study by making sure that the average particle size is less than 10 mm.
Summary
It has been demonstrated that multi-component analysis of powdered metallurgical samples by XRFS is possible with minimal sample preparation, using briquetted samples protected by a layer of Borax ® . The technique provides rapid and accurate results, with broad applications in materials processing and manufacturing. In the present technique, the application of "pseudo-Voight" function to curve fitting makes it possible to resolve overlapped peaks in Xray spectra that cannot be physically separated. The process may also be used to minimize errors that arise from poor counting statistics and peak shift due to misalignment in the optical path.
The use of theoretical alpha coefficients allows accurate calibrations to be made using fewer standard samples. Because there is a linear relationship between concentration and countrate for each component, it is only necessary to determine the slope (E i ) and X-intercept (D i ) empirically. The source of errors is more easily isolated knowing that alpha coefficients and single component linearity are based on first principles. Often such errors originate within the sample itself.
